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ABSTRACT: A new multi-energy CT for small animals is being developed at the Physics Depart-
ment of the University of Bologna, Italy. The system makes use of a set of quasi-monochromatic
X-ray beams, with energy tunable in a range from 26 to 72 keV. These beams are produced by
Bragg diffraction on a Highly Oriented Pyrolytic Graphite crystal. With quasi-monochromatic
sources it is possible to perform multi-energy investigation in a more effective way, as compared
with conventional X-ray tubes. Triple-energy projection allows to combine a set of three quasi-
monochromatic images of an object, in order to obtain a corresponding set of three single-tissue
images, which are the mass-thickness map (product of density and thickness) of three reference
materials. The triple-energy technique can be applied to the mass-thickness-map reconstruction of
a contrast medium, because it is able to remove completely the signal due to other tissues (i.e. the
structural background noise). Here, we present a description of the system and the methods for
combining the images at the different energies. We also show some results of images acquired at
three different energies and of the reconstructed information about the contrast medium (Iodine).
We achieved that the measurement of the Iodine mass-thickness agrees very well with the known
concentration of the injected Iodine solution.
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1 Introduction
X-ray radiography and CT are very common techniques applied in medicine for visualizing inner
structures of a body, and to quantify the attenuation properties of tissues. Both methods can gain
several benefits, by using monochromatic radiation. Indeed, both overall image quality and dose
to patient can improve, when using monochromatic beams. Several studies have shown the po-
tential of reducing the dose in different medical applications, while maintaining the same image
quality [1, 2]. However, it is very challenging to get a monochromatic source with a sufficient flux
for small animal or human CT. Our group has gained some experience in the last years in the devel-
opment of quasi-monochromatic X-ray beams with application in medicine [3, 4]. These sources
were obtained by the Bragg diffraction of photons coming from conventional X-ray tubes, and can
provide fluxes sufficient for CT inspections. The major advantage of such systems is the possibility
of having nearly monochromatic radiation, without the need of synchrotron sources.
Another benefit achievable with monochromatic beams is that one can perform multi-energy
analyses in a more effective way, as compared with conventional X-ray tubes. The multi-energy
approach is an expansion of the method of two-energy radiography. For instance, triple-energy
investigations can provide quantitative information about the concentration of a contrast medium
(e.g. Iodine), allowing to remove the inhomogeneous structures of the background at the same
time. By using three monochromatic energies, we can estimate in a more precise way the mass-
thickness of the contrast medium, with respect to a dual-energy analysis. Another valuable feature
of triple-energy analysis is its ability to extract information on physical-chemical structure of the
investigated tissues.
At the Department of Physics of the University of Bologna, we are developing a CT system
with X-ray quasi-monochromatic source for multi-energy small animals studies. The ultimate aim
of this study is to get an in vivo imaging of the cancer growth and metastasis development in
different tumor types on mice. In this paper we present a description of the system and the methods
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Figure 1. Picture of the CT system: the X-ray tube with the Bragg monochromator is positioned at the top
of the system.
for combining the images at the different energies. We also show some results of images acquired
at three energies and of the Iodine reconstructed image.
2 Materials and methods
2.1 The multi-energy system
The Multi-Energy X-ray system makes use of a set of quasi-monochromatic beams, produced by
Bragg diffraction on a Highly Oriented Pyrolytic Graphite (HOPG) crystal. It has a measured
mosaic spread of (0.26 ± 0.1) degrees, a thickness of 0.1 cm and a surface area of 8.4 × 6.0 cm2.
The energy of the beam varies from 26 keV to 56 keV (1st order of diffraction), with energy spread
(FWHM) from 2.9 keV to 7.1 keV, respectively. The relative intensity of the diffracted beam is up
to 7.5% of the incident polychromatic beam. Using the 2nd order of diffraction, peaks up to 72 keV
can be produced.
The system is also composed of a mechanical gantry with rotational and translation axis for
providing the CT inspection. It is dedicated to small animal imaging, and it is designed to work in
planar radiography mode and in CT mode. At the moment, only the planar radiography is operative.
Figure 1 shows a picture of the CT system presented in this paper.
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Figure 2. Picture of the preliminary prototype of CCD detector. Light photons produced by the scintillator
are directed towards the camera (on le left), by means of a 45◦ mirror (on the right).
3 X-ray detector
A preliminary prototype of X-ray detector has been used in the present study. This device is
composed by a GOS scintillator (active area 15 mm× 15 mm) coupled to a fiber optic plate. A 45◦
mirror reflects the scintillation light, which is collected by a CCD camera. Both the scintillator and
the mirror are included in a light tight box, with a thin Aluminum window for the X-ray beam. The
geometry adopted permits to keep the camera outside the beam. The camera is also shielded against
X-rays scattered from the surrounding mechanical parts. The objective lenses focus the collected
light coming from the mirror. A further version of the detector is being developed, with a larger and
more efficient scintillator (CsI(Tl) with active area 100 mm × 40 mm and thickness 300 µm), and
with a CCD camera with better characteristics. Figure 2 shows a picture of the preliminary detector.
4 The triple-energy radiography reconstructs the contrast medium mass-thickness
Triple-energy radiography is an important technique, able to provide accurate estimations about
the investigated materials. These information are determined by acquiring images of the analyzed
object at three different energies. The triple-energy algorithm is here applied to reconstruct quan-
titatively the distribution of a contrast medium (Iodine) into the sample. The technique permits to
remove completely the background signal from the image: the result is an image that contains only
the signal of the Iodine. With respect to dual-energy techniques, the use of three energies is es-
sential when the background has an inhomogeneous composition. For instance, if the background
contains soft tissue and a layer of bone, the dual energy reconstructed signal of Iodine is signif-
icantly distorted. Adding the third energy, the projection errors are drastically reduced, and the
accuracy of the signal much increased also to low concentration of Iodine. Hence, the removal of
the projection error enables the quantitative imaging of Iodine. If we take the logarithm of the trans-






, for the same sample at three different energies,
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Figure 3. Quasi-monochromatic image of a little fish. The beam energy was 28 keV. The total length of the
fish was about 9 cm.
Figure 4. Set of three quasi-monochromatic images of the swim bladder, filled with Iodine solution. The
images were acquired at 28 keV (left), 36 keV (center), and 44 keV (right). The image size is 15 mm × 15
mm for all the images.
we can generalize the Beer-Lambert attenuation law to the case of multiple beams. We can write: T (1)T (2)
T (3)
=−
 µˆmdc (1) µˆ1 (1) µˆ2 (1)µˆmdc (2) µˆ1 (2) µˆ2 (2)





that is, in a more compact form:
~T = A~L (4.2)
where
−→
T is the collection of the logarithmic attenuation of the three beams,
−→
L is the set of mass-
thicknesses (product of density and thickness) of the basis materials, and A is a 3×3 matrix whose
elements are µˆi (k), namely the mass-attenuation coefficients of the i-th material at the k-th energy.
Solving the system for
−→
L , we obtain the image of Iodine Lmdc, and the background projection over
the two basis materials L1 and L2:
~L = A−1~T . (4.3)
5 Results
The triple-energy reconstruction of the Iodine mass-thickness image starts from the acquisition of
three quasi-monochromatic images of the same object. Firstly, the raw images must be corrected
for black-noise subtraction. This additive noise arises from dark currents in the detector and from
the scattered X-rays impinging the scintillator. Moreover, a flat-field correction has to be performed
to take into account the spatial variations of the beam intensity. Figure 3 shows a picture of a quasi-
monochromatic image of a little fish. The image was acquired with a 28 keV beam and a scanning
was performed, in order to cover the field of view of about 9 cm in length.
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Figure 5. Triple-energy reconstructed Iodine image. The image level is the measure of the Iodine mass-
thickness (g/cm2).
Figure 4 shows images acquired at three different energies (28 keV, 36 keV, and 44 keV) of the
swim-bladder of the fish, after having injected an Iodine solution. After the initial corrections, these
images were processed for triple-energy transformation. For each pixel, we computed the logarith-
mic attenuation T (i, j), and using the pixel dependent matrix A(i, j) we solved the system (4.1),
thus obtaining the three images Lmdc, L1 and L2. In our case, the three basis materials were PMMA,
Aluminum and Iodine. In figure 5 we can see the reconstructed Iodine image Lmdc. We note that it
is possible to obtain an image containing only the Iodine signal, without any background distortion.
Further, the measurement of the Iodine mass-thickness is feasible: measurements performed
using phantoms filled with known concentration of Iodine, have shown a very good agreement
between the reconstructed and the known mass-thickness map.
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